(12) internationai!1PPlication published under the patent 




PERATION TREATY (PCT) 



(19) World Intellectual Property OrganizatioQ 
International Bureau 

(43) International Publication Date 
24 April 2003 (24.04.2003) 




PCT 



(10) International Publication Number 

wo 03/033131 Al 



(51) International Patent Classification^: BOIJ 19/24, 
F28D 9/00, F28F 3/04, ClOG 2/00, COIB 3/38, 3/58 

(21) International Application Number: PCT/GB02/04144 

(22) International Filing Date: 

12 September 2002 (12.09.2002) 



(25) Filing Language: 

(26) Publication Language: 



English 
English 



(30) Priority Data: 
0124513.3 
0204973.2 



12 October 2001 (12.10.2001) GB 
2 March 2002 (02.03.2002) GB 



(71) Applicant (for all designated Slates except US): ACCEN- 
TUS PLC [GB/GB]; 329 Harwell, Didcot, Oxfordshire 
OXll OQJ (GB). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): BOWE, Michael, 
Joseph [GB/GB]; 17 Balmoral Road, New Longton, Pre- 
ston, Lancashire PR4 4JJ (GB). LEE-TUFFNELL, Clive, 



Derek [GB/GB]; 40 Marun Close, Poole, Dorset BH17 
7XS (GB). 

(74) Agents: MANSFIELD, Peter, Turquand et al.; Accentus 
pic, Patents Dept., 329 Harwell, Didcot, Oxfordshire OX 11 
OQJ(GB). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, R, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD. MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI. SK, SL, TJ. TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VN. YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE. DK, EE, 
ES, FI, PR, GB, GR, IE, IT, LU, MC, NL, PI. SE, SK, 
TR), OAPI patent (BP, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 

[Continued on next page] 



(54) Title: CATALYTIC REACTOR 




o 

o 



CH4/H20 



CH4/0 



CO 



o 
O 



(57) Abstract: A catalytic reactor (20) comprises a plurality of sheets (21) defining flow channels (22) between them. Within 
each flow channel (22) is a foil (24) of corrugated material whose surfaces are coated with catalytic material. Flow channels (22, 
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Catalytic reactor 

This invention relates to a catalytic reactor 
suitable for use in performing gas phase reactions, and 
particularly but not exclusively for performing highly 
exothermic and endothermic reactions, and also to a 
chemical process using the catalytic reactor. 

The use of catalytic material supported on a metal 
substrate is well known. For example GB 1 490 977 
describes a catalyst comprising an aluminium-bearing 
ferritic alloy substrate, coated with a layer of a 
refractory oxide such as alumina, titania or zirconia, 
and then with a catalytic platinum-group metal. As 
described in GB 1 531 134 and GB 1 546 097, a catalyst 
body may comprise siibstantially flat sheets and 
corrugated sheets of such material arranged alternately 
so as to define channels through the body, either several 
such sheets arranged in a stack, or two such sheets wound 
together to form a coil. In these examples both the flat 
sheets and the corrugated sheets have small-scale 
corrugations superimposed upon them to help in the 
formation of the coating. Such catalyst bodies are 
described as being suitable for use in treating exhaust 
gas from vehicles. In this context heat transfer between 
one channel and an adjacent channel is not a 
consideration, as all the channels carry the same gases 
at the same pressures, EP 0 885 653 A (Friedrich et al) 
describes a compact heat exchanger for catalytic 
reactions in which flow channels are defined by a single 
long sheet of metal folded into a concertina, with 
corrugated foils located between successive plates of the 
concertina; the corrugated foils are catalyst supports 
and enhance heat transfer between the channels, and in 
one example the gases on one side of the sheet undergo an 
exothermic reaction while those on the other side undergo 
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an endothermic reaction. 

According to the present invention there is provided 
a catalytic reactor comprising a plurality of metal 
5 sheets arranged as a stack and bonded together, the 
sheets defining first flow channels between adjacent 
sheets, alternating with second flow channels between 
adjacent sheets, so as to ensure good thermal contact 
between fluids in the first and the second flow channels, 

10 the orientation of the second flow channels being 

different from that of the first flow channels, fluid- 
permeable catalyst layers being provided within at least 
the second flow channels, headers to supply respective 
fluids to the flow channels, each first header comprising 

15 a chamber attached to the outside of the stack and 

communicating with a plurality of first flow channels, 
and each second header comprising a chamber attached to 
the outside of the stack and communicating with a 
plurality of second flow channels, and such that after 

20 removal of a header the catalyst layers in the 
corresponding flow channels are removable . 

The fluids in the channels may be gases or gas 
mixtures, although they may also comprise droplets of 
25 liquid as an aerosol. Where a desired reaction is 

exothermic, a heat transfer liquid (rather than a gas) 
may be passed through the other set of channels. 

Preferably the catalyst layers comprise fluid- 
3 0 permeable metal heat transfer layers with a catalyst 

coating. Such metal heat- transfer layers are preferably 
also provided in the first flow channels. This improves 
heat transfer. In each case the metal heat -transfer 
layer may comprise a non-planar metallic foil, or a 
35 metallic foam, or a honeycomb, fibrous sheet, or mesh, or 
a similar structure combining ceramic and metal, for 
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example; it must be highly permeable to the gas flow. 
Typically one or more corrugated or dimpled foils would 
be suitable. Another possibility is a sintered sheet of 
metal fibres, for example of porosity above 50%, provided 
with a catalyst coating, and which may itself be 
corrugated. Removal of a header exposes the open ends of 
the corresponding flow channels, so each catalyst layer 
(whatever it is made of) can be removed by sliding it 
lengthwise out of the flow channel through the open end. 

To ensure the required good thermal contact, both 
the first and the second flow channels are preferably 
less than 8 mm deep in the direction normal to the 
sheets. More preferably both the first and the second 
flow channels are less than 5 mm deep in that direction 
(if the channels are defined by grooves in just one 
sheet, then these correspond to the depths of the 
grooves) . To enable the plates to withstand large 
pressure differences between the fluids in the different 
flow channels, the channels are preferably no more than 
50 mm wide in the direction tangential to the sheets. 

Preferably the sheets are flat, with grooves 
machined or etched across their surfaces to define the 
flow channels. The reactor might therefore comprise a 
stack of such flat plates sufficiently thick to withstand 
the necessary pressure difference, the grooves in 
adjacent plates following different paths (which also 
provides structural rigidity) . The grooves may be for 
example 20 mm wide, this width being determined by the 
pressure difference to which the sheet is exposed, each 
accommodating one or more corrugated foils of material 
coated with catalytic material. Bonding the plates into 
an integral structure ensures that the flow channels are 
gas tight . 
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Preferably the second flow channels on opposite 
sides of a first flow channel have mirror image flow 
paths. This can be achieved if adjacent first flow 
channels and second flow channels are in oblique 
5 directions. In one example the stack is of hexagonal 
shape, each flow channel extending between an opposite 
pair of faces. In an alternative embodiment each sheet 
(and therefore the stack) is rectangular, the first flow 
channels extending along the length of the sheets, and 
10 the second fluid follows at least two oblique paths 
between opposed headers . 

In one use of the catalytic reactor, the gas mixture 
supplied to each channel is different from the gas 

15 mixture supplied to the adjacent channels, and the 

corresponding chemical reactions are also different. One 
of the reactions may be endothermic while the other 
reaction is exothermic. In that case heat is transferred 
through the wall of the sheet separating the adjacent 

20 channels, from the exothermic reaction to the endothermic 
reaction. 

This reactor is particularly suitable for performing 
steam reforming of hydrocarbons (which is an endothermic 

5 reaction, generating hydrogen and carbon monoxide) , and 
the alternate channels might contain a hydrocarbon/air 
mixture so that an exothermic oxidation reaction provides 
the necessary heat for the endothermic reforming 
reaction. For the oxidation reaction several different 

0 catalysts may be used, for example palladium, platinum or 
copper on a ceramic support; for example copper or 
platinum on an alumina support stabilised with lanthanum, 
cerium or barium, or palladium on zirconia, or more 
preferably platinum/palladium on a gamma alumina support. 

5 For the reforming reaction also several different 
catalysts may be used, for example nickel, platinum. 
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palladium, ruthenium or rhodium, which may be used on 
ceramic coatings; the preferred catalyst for the 
reforming reaction is platinum/ rhodium on alumina or 
stabilised alumina. The oxidation reaction may be 
5 carried out at substantially atmospheric pressure, or at 
an elevated pressure, while the refoirming reaction may be 
carried out at elevated pressure, for example up to 2 MPa 
(20 atmospheres) , more typically in the "range 0 to 200 
kPa above atmospheric pressure. 



It will be appreciated that the materials of which 
the reactor are made may be siibjected to a severely 
corrosive atmosphere in use, for example the temperature 
may be as high as 90 0°C, although more typically around 

15 850®C. The reactor may be made of a metal such as an 
aluminium- bearing ferritic steel, in particular of the 
type known as Fecralloy (trade mark) which is iron with 
up to 20% chromium, 0.5 - 12% aluminium, and 0.1 - 3% 
yttrium. For example it might comprise iron with 15% 

20 chromium, 4% aluminium, and 0.3% yttrium. When this 

metal is heated in air it forms an adherent oxide coating 
of alumina which protects the alloy against further 
oxidation; this oxide layer also protects the alloy 
against corrosion under conditions that prevail within 

25 for example a methane oxidation reactor or a 

steam/methane reforming reactor. Where this metal is 
used as a catalyst substrate, and is coated with a 
ceramic layer into which a catalyst material is . 
incorporated, the alumina oxide layer on the metal is 

3 0 believed to bind with the ceramic coating, so ensuring 
the catalytic material adheres to the metal substrate. 

A problem with any catalytic reactor is that the 
catalyst may become less active, and hence need to be 
3 5 replaced. Since the reactors are designed to be suitable 
for use at high temperatures and pressures the plates are 



10 
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bonded together by a process such as diffusion bonding 
(which ensures gas-tight sealing) , but it would be 
desirable to be able to reuse the bulk of the structure 
while being able to replace the catalysts. Furthermore 
5 co-current or counter- current flow of the two gas streams 
may be desirable, rather than transverse flow, to achieve 
a satisfactory temperature distribution; oblique flow 
directions of the two flow channels approximate to this. 

10 For some purposes the catalyst metal might instead 

be deposited directly onto the adherent oxide coating of 
the metal (without any ceramic layer) . 

Especially if the reactor is to be used for an 
15 endothermic reaction, it may be desirable to raise the 
temperature of the reactor to a desired operating 
temperature by direct electrical heating, passing 
electric current through the sheets that form the 
reactor. This would typically only be done initially, 
20 the heat subsequently being provided by an exothermic 
reaction carried out in the second gas flow channels or 
by hot gases (for example exhaust gases from an external 
combustion process such as a laminar flow burner) . 

25 The invention will now be further and more 

particularly described, by way of example only, and with 
reference to the accompanying drawings in which: 

Figure 1 shows a cross sectional view of a reactor; 

30 

Figure 2 shows a cross sectional view of an 
alternative catalytic reactor. 

Reactors of the invention may be used in a chemical 
35 process for converting methane to longer chain 

hydrocarbons. The first stage involves steam/methane 
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reforming, that is to say the reaction: 

steam + methane > carbon monoxide + hydrogen 

This reaction is endothermic, and may be catalysed 
by a platinum/ rhodium catalyst in a first gas flow 
channel . The heat required to cause this reaction may be 
provided by combustion of methane, that is to say: 

methane + oxygen > carbon dioxide + water 

which is an exothermic reaction, and may be catalysed by 
a platinum/palladium catalyst in an adjacent second gas 
flow channel . Both these reactions may take place at 
atmospheric pressure, although alternatively the 
reforming reaction might take place at an elevated 
pressure. The heat generated by the combustion reaction 
would be conducted through the metal sheet separating the 
adj acent channels . 

The gas mixture produced by the steam/methane 
reforming is called synthesis gas. The hydrogen may 
itself be a desired product, for example for use in a 
fuel cell. Alternatively the gas mixture can then be 
used to perform a Fischer-Tropsch synthesis, that is to 
say: 

■ carbon monoxide + hydrogen > paraffin or olefin 

(say Cio) + water 

which is an exothermic reaction, occurring at an elevated 
temperature, typically between 2 00 and 350 °C, for example 
280 °C, and an elevated pressure typically between 2 MPa 
and 4 MPa, for example 2.5 MPa, in the presence of a 
catalyst such as iron, cobalt or fused magnetite, with a 
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potassium, rhenium, rhodium or yttrium promoter. The 
exact nature of the organic compounds formed by the 
reaction depends on the temperature and the catalyst, as 
well as the ratio of carbon monoxide to hydrogen. The 
5 heat given out by this synthesis reaction may be used to 
provide at least part of the heat required by the 
steam/methane reforming reaction, for example a heat 
transfer fluid such as helium or Dowtherm A or Syltherm 
(trade marks of Dow Chemical) may be used to transfer the 
heat from a reactor in which the Fischer-Tropsch 
synthesis is occurring, the heat being used to preheat at 
least one of the gas streams supplied to the reforming 
reactor. 

For example, in the reforming step, a feed gas that 
consists primarily of methane with a small percentage 
(say 10%) of ethane and propane is heated to about 400 ^'C, 
mixed with a stream of steam that is also at about 40CC 
and is then supplied to a catalytic reactor. Both 
streams may be at atmospheric pressure, or for example at 
a pressure of say 100 kPa above atmospheric. The flows 
are preferably such that the steam: methane molar ratio 
is between 1:1 and 2:1. The first part of the reactor is 
a pre-reformer with a nickel methanation catalyst at 
400^C, in which the higher alkanes react with the steam 
to form methane (and carbon monoxide) ; this pre -re former 
is not required if the feed gas contains substantially no 
higher alkanes. The second part of the reactor is a 
reformer with a platinum/ rhodium catalyst, in which the 
methane and steam react to form carbon monoxide and 
hydrogen. This reaction may be performed at 850^C. The 
heat for the endothearmic reactions may be provided by 
combustion of methane (and/or hydrogen) over a palladium 
or platinum catalyst within adjacent gas flow channels, 
or alteraatively from exhaust gases from an external 
combustion unit such as a laminar flow burner, the gases 
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from the burner flowing in counter-current to the gas 
flow through the reformer; this can enable the reacting 
gases in the reformer to reach a final temperature of as 
much as 1000 °C. Where catalytic combustion is used, the 
catalyst may incorporate a metal hexaaluminate (such as 
magnesium hexaaluminate) as the substrate, but a 
preferred catalyst is platinum and palladium (10% weight) 
on gamma alumina. The methane/oxygen mixture may be 
supplied in stages along the reactor, to ensure 
combustion occurs throughout its length. 

The hot mixture of carbon monoxide and hydrogen 
emerging from the reformer may be used to provide heat to 
the steam and to the feed gas. It may then be further 
processed, for example being compressed and supplied to a 
catalytic reactor in which they react, undergoing 
Fischer-Tropsch synthesis to form a paraffin or similar 
compound. The overall result of the processes is that 
methane is converted to higher molecular weight 
hydrocarbons which are typically liquids at ambient 
temperatures. The desired hydrocarbons can therefore be 
separated from the remaining gases by cooling, so the 
liquids condense. The processes, may be used at an oil or 
gas well to convert methane gas into a liquid hydrocarbon 
which is easier to transport . 

Referring now to figure 1 a reactor 10 (suitable for 
example for steam/methane reforming) comprises a stack of 
plates 12 each of Fecralloy steel, each hexagonal, of 
side 250 mm and 3 mm thick. Grooves 14 of width 20 mm 
and depth 2.5 mm are machined in each plate, extending 
across each plate 12 from one side to the opposite side, 
separated by lands 15 of width 3 mm (for simplicity only 
four such grooves 14 and three such lands 15 are shown in 
the figure) . A carrier foil 16 of Fecralloy steel 50 \xm 
thick coated with a ceramic coating containing a catalyst 
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material, and with corrugations 2.5 mm high, can be slid 
into each such groove 14 (only one is shown) . A stack of 
such plates 12 is assembled, the orientation of the 
grooves 14 differing by 60° in successive plates 12, and 
5 is covered with a flat top plate of Fecralloy steel; the 
stack is then diffusion bonded together. The cormgated 
foils 16 are then inserted. Headers 18 are then attached 
to the faces of the assembled stack. Thus the gas flow 
channels are defined by the grooves 14; and the 
10 orientation of the plates 12 is such that the flow 

directions in the plates 12 above and below any one plate 
12 are at 12 0° to each other (these grooves being 
indicated by broken lines and chain dotted lines 
respectively) . 

15 

The steam/methane mixture is supplied to the header 
18a, and the resulting mixture of hydrogen and carbon 
monoxide emerges through the header 18d. Methane/air 
mixture is supplied through the headers 18c and IBe (i.e. 

20 the headers on either side of the header 18d) , so exhaust 
gas from the combustion process emerges through the 
headers 18b and 18f . Hence the gas flows are at least 
partially counter- current , so that the hottest region in 
the combustion channels, which is near the inlet to those 

25 channels, is closest to the outlet for the steam/methane 
reforming reaction. 

The headers 18 each comprise a simple rectangular 
cap sealed around its periphery to the outside of the 

3 0 stack so as to cover one face of the stack. They may be 
welded onto the outside of the stack. Alternatively, if 
neither of the gas flows are at elevated pressures, it 
may be adequate to clamp the header chambers 18 onto the 
outside of the stack. In either case it will be 

35 appreciated that after a period of use, if the catalyst 
in either or both of the channels has become spent, then 
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the headers 18 may be removed or cut off and the 
corresponding catalyst -carrying foils 16 removed and 
replaced. The headers 18 can then be re -attached. 

It will be understood that the type of ceramic 
deposited on the corrugated foils 16 in the gas flow 
channels may be different in successive plates 12 in the 
stack, and that the catalyst materials may differ also. 
For example the ceramic might comprise alumina in one of 
the gas flow channels, and zirconia in the other gas flow 
channels. The reactor 10 formed from the plates 12 might 
also be suitable for performing Fischer-Tropsch 
synthesis. Because the plates 12 forming the stack are 
bonded together the gas flow channels are gas tight 
(apart from communication with headers 18 at each end) , 
and the dimensions of the plates 12 and grooves 14 are 
such that pressures in the alternate gas flow channels 
may be considerably different. Furthermore the pitch or 
pattern of the corrugated foils 16 may vary along a 
reactor channel 14 to adjust catalytic activity, and 
hence provide for control over the temperatures or 
reaction rates at different points in the reactor 10. 
The corrugated foils 16 may also be shaped, for example 
with perforations, to promote mixing of the fluid within 
the channels 14. Furtheirmore parts of the foils 16 may 
be devoid of catalyst. In each case the corrugations 
preferably extend parallel to the gas flow direction. 

In a modification to the reactor 10, the foils 16 
are again of Fecralloy material, but the catalyst 
material is deposited directly onto the oxide layer of 
the Fecralloy. 

Referring now to figure 2, an alternative reactor 20 
comprises a stack of Fecralloy steel plates 21, each 
plate being generally rectangular, 450 mm long and 150 mm 
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wide and 3 nun thick. 

On the upper surface of each such plate 21 are 
rectangular grooves 22 of depth 2 mm separated by lands 
23 (eight such grooves being shown) , but there are three 
different arrangements of the grooves 22. In the plate 
21 shown in the drawing the grooves 22 extend diagonally 
at an angle of 45° to the longitudinal axis of the plate 
21, from top left to bottom right as shown. In a second 
type of plate 21 the grooves 22a (as indicated by broken 
lines) follow a mirror image pattern, extending 
diagonally at 45<=» from bottom left to top right as shown. 
In a third type of plate 21 the grooves 22b (as indicated 
by chain dotted lines) extend parallel to the 
longitudinal axis . 

The plates 21 are assembled in a stack, with each of 
the third type of plate 21 (with the longitudinal grooves 
22b) being between a plate with diagonal grooves 22 and a 
plate with mirror image diagonal grooves 22a, and after 
assembling many plates 21 the stack is completed with a 
blank rectangular plate. The plates 21 are compressed 
together and bonded by diffusion bonding, so they are 
sealed to each other. Corrugated Fecralloy alloy foils 
24 (only one is shown) 5 0 |Lim thick coated with a ceramic 
coating containing a catalyst material, of appropriate 
shapes and with corrugations 2 mm high, can be slid into 
each such groove 22, 22a and 22b. 

Header chambers 26 are welded to the stack along 
each side, each header 26 defining three compartments by 
virtue of two fins 27 that are also welded to the stack. 
The fins 27 are one third of the way along the length of 
the stack from each end, and coincide with a land 23 (or 
a portion of the plates with no groove) in each plate 21 
with diagonal grooves 22 or 22a. Gas flow headers 28 in 
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the form of rectangular caps are then welded onto the 
stack at each end, communicating with the longitudinal 
grooves 21b. In a modification (not shown) , in place of 
each three -compartment header 26 there might instead be 
5 three adjacent header chambers, each being a rectangular 
cap like the headers 28. 

In use of the reactor 20 for steam/methane 
reforming, a steam/methane mixture is supplied to the 

10 .header 28 at one end (the right hand end as shown) , and 
the resulting mixture of hydrogen and carbon monoxide 
emerges through the header 28 at the other end. 
Methane/air mixture is supplied to the compartments of 
both headers 26 at the other end (the left hand end as 

15 shown) , and so exhaust gas from the combustion process 
emerges through the compartments of both headers 26 at 
the right hand end as shown. The flow path for the 
mixture supplied to the top- left header compartment (as 
shown) is through the diagonal grooves 22 into the 

20 bottom-middle header compartment, and then to flow 

through the diagonal grooves 22a in other plates in the 
stack into the top-right header compartment. Hence the 
gas flows are at least approximately counter- current , so 
that the hottest region in the combustion channels, which 

25 is near the inlet to those channels, is closest to the 
outlet for the steam/methane reforming reaction. 

In an alternative mode of use the gas flow in the 
longitudinal grooves 22b is in the opposite direction, so 
30 the flows are at least approximately co-current. In 
either case, the flow paths on either side of a plate 
with longitudinal grooves 22b are in mirror image oblique 
directions, which provides the benefit of a better 
temperature distribution, avoiding hot-spots. 



When it is necessary to replace the catalyst, this 
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may be done by cutting off the headers 26 and 28, and 
then extracting the foils 24 from all the channels 
defined by the grooves 22, and replacing the foils 24. 
The headers 2 6 and 2 8 can then be re-attached. A further 
benefit of this flow arrangement is that fuel for 
combustion may be also supplied to compartments of the 
headers 2 6 along the length of the reactor 20, which may 
enable a more uniform fuel/oxygen mixture to be 
maintained . 

The plates forming the stack may be of a different 
size and shape, and the grooves 22 and 22A may have a 
different orientation. For example the plates might be 
800 mm by 4 00 mm, and the grooves be at about 56° to the 
longitudinal axis (if there are three header compartments 
along each side), at about 63° (if there are four 
compartments) , or at about 68° (if there are five 
compartments) . 

In a further alternative there are just two types of 
plate, plates with longitudinal grooves 22b alternating 
with plates with transverse grooves, and the baffles 27 
in the two headers 26 are staggered, the baffles 27 on 
one side being opposite the positions midway between 
successive baffles 27 on the other side. The baffles 27 
therefore ensure an approximation to counter- current (or 
co-current) flow, although they do not provide the 
benefits of having mirror image oblique flow paths above 
and below each longitudinally grooved plate. 

In an alternative mode of use, the combustion takes 
place in an external burner (such as a laminar flow 
burner) , the very hot exhaust gases at about 900 or 
1000 °C being passed through the flow channels of the 
reactor 10 or 20 through which the methane/air mixture 
was described as flowing, in counter- current to the 
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methane/ steam flow. In this case it is not necessary to 
provide the foils in those channels with ceramic coating 
or catalyst, but the foils enhance heat transfer between 
the second gas flow channel carrying the hot exhaust gas 
5 and the react ants in the pre -reformer and reformer 

channels, by transferring heat to the separating plates 
12 or 21. 

In a further modification the plates that resist the 
10 pressure difference between the flow channels, e.g. the 
plates 12 in reactor 10 or the plates 21 in reactor 20, 
are of a metal such as titanium or Incalloy 8 00 HT that 
can withstand the high temperatures and the pressures and 
which can be readily diffusion bonded, while the foils 
15 e.g. 16 and 24, may be of Fecralloy steel if a ceramic 
coating (as a catalyst substrate) is required. 

In the combustion channels of the catalytic reactor 
14, if catalytic combustion is used to generate the heat 

2 0 (as indicated) , the combustion catalyst may itself be 

coated with a thin porous inert ceramic layer, so as to 
restrict the contact of the gas mixture with the catalyst 
and so restrict the reaction rate particularly at the 
start of the channel. 

25 

As mentioned earlier, electrical heating by passing 
an electric current directly through the plates forming 
the reactor may be used initially to raise the 
temperature of the catalytic reactor to say 400 °C before 

3 0 supplying gases, to ensure a catalytic combustion occurs. 

Such electrical heating may also be used during operation 
to adjust the reactor temperature. Electrical heating 
may also be used in the vicinity of the outlet from the 
reactor to ensure that a temperature of say 900 °C is 
35 reached by the gases undergoing the reforming reaction. 
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In a modification to the reactor of figure 2, the 
plates 21 are 3 . 5 mm thick and the flow channels 22 are 3 
mm deep and 40 mm wide. Instead of a single foil 24 there 
is a foil assembly consisting of two layers of corrugated 
5 Fecralloy alloy foil each of thickness 50 fxra and of 

amplitude 1.4 mm separated by a flat foil. These foils 
are spot welded together, the assembly being sufficiently 
long to extend the entire length of the corresponding 
groove 22 (although alternatively there might be two such 
10 assemblies placed end to end in a groove 22) . 

After spot welding such an assembly it would be 
subjected to an oxidising treatment at 900 °C. An aqueous 
slurry or sol (about 200 g/litre) of gamma alumina with a 
15 surface area in the range 50-200 m^/g is then applied to 
the surfaces of the assembly by spraying (or dipping) and 
drying. This process may be repeated several times to 
achieve a thickness of alumina in the range 50-300 ]xm. 
The alumina is then calcined. A dilute aqueous solution 
2 0 of platinum rhodium salt mixture is then applied by 

spraying and drying, repeating until the required weight 
loading of metal salt has been achieved. The salt is 
then reduced to produce finely dispersed catalyst metal 
on the alumina coat. (Alternatively the alumina may be 
25 dispersed in a solution of the catalyst metal salt, so 
both components are coated together.) The catalyst- 
carrying assembly can then be inserted into a flow 
channel 22. Typical metal loadings are in the range 5% 
to 25% (wt.), preferably about 10%. 

30 

Such a foil assembly as a catalyst substrate 
provides good metal -to-metal contact to promote heat 
transfer to or from the walls of the channel. Good 
conditions for heat and mass transfer also occur within 
35 the foil assembly, as the path length for the reacting 
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gases to the catalyst surface is typically less than 1 
mm. In the case of the steam reforming reaction, the 
kinetics of the reaction are intrinsically fast and 
kinetics are often limited by heat transfer as the 
reaction is strongly endothermic. The use of such a 
catalyst foil assembly therefore allows the reaction to 
proceed with high conversion efficiency (> 95%) at 
residence times of less than 50 ms . 

The catalyst foils for use in the combustion channel 
are assembled and processed in a similar way to that 
described above, although the preferred catalyst is 
palladium or a mixture of platinum and palladium. The 
metal substrate for the catalyst allows the combustion 
catalyst to function with a more even temperature 
distribution and the elimination of hot spots on the 
catalyst surface. Hence the catalyst can operate at 
900°C without significant deterioration of activity with 
time. The alumina-rich surface of the oxidised metal 
forms a high integrity bond with the ceramic coating. 

A catalytic reactor 2 0 would also be suitable for 
performing Fischer-Tropsch synthesis. In this case the 
Fischer-Tropsch reaction would typically be carried out 
in the diagonal flow channels 22 and 22a, while the 
coolant would be passed through the longitudinal channels 
22b. For the Fischer-Tropsch reaction the specific 
catalyst surface area (surface area per unit volume of 
channel) has to be maximized, to ensure approximately 90% 
conversion of the carbon monoxide in a single pass 
through the reactor, and at an economic residence time 
that would typically be in the range 1-5 s. For example 
a specific surface area in the range 4000-6000 m^/m"^ is 
desirable. For this purpose each diagonal flow channel 22 
and 22a would desirably be 4 mm deep and 20 mm wide, and 
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typically in the range 0.1 to 1.0 m long. In this case a 
foil assembly might therefore consist of say five layers 
of corrugated foils of amplitude 0.75 mm with four flat 
foils interleaved, and as described above such an 
assembly may be spot welded together before being coated 
with ceramic and catalyst. 

For example the foil assembly might be oxidised as 
described above, and coated with titania with a specific 
surface area in the range 60-300 m /g in the way 

described above, to achieve a coating 50-200 |im thick 
after sintering. A suitable catalyst for this reaction 
would be cobalt (say 12% to 40%) with a small proportion 
of a promoter such as ruthenium (0.1 - 1.0%) these 
figures being weight percent of the catalytic coating 
(i.e. ceramic plus catalyst metal). Other promoters 
include rhenium, palladium or platinum, or zirconium 
oxide, lanthanum oxide or thorium oxide. For example an 
aqueous solution of a mixed cobalt ruthenium salt might 
be repeatedly applied to the calcined ceramic and dried, 
and then reduced, to achieve a desired metal loading. 

It will be appreciated that because the catalyst 
metal is deposited within the thin ceramic coating (say 
100 |im thick) on a metal substrate, the catalyst metal 
must be within that distance of the surface, and 
therefore is readily accessible by reactants. (In 
contrast, with a solid ceramic substrate, the catalyst 
salt could diffuse much further into the ceramic.) Since 
the chemical reaction generates a liquid product, this 
liquid tends to occupy pores in the ceramic layer; this 
liquid restricts the access of the gases by diffusion to 
the catalyst sites, so if the ceramic layer were more 
than say 3 00 jxm thick there would be a greater tendency 
for generating methane (rather than the preferred longer- 
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chain hydrocarbons) , because hydrogen diffuses faster 
than carbon monoxide. Another advantage of the metal foil 
substrate is in assisting in the removal of the reaction 
heat which would tend to cause hot spots . This also 
5 reduces formation of methane, as methane formation tends 
to increase with temperature. The catalyst is also 
rendered less vulnerable to deactivation by coking. 

The presence of the liquid phase on the catalyst 
10 surface also reduces the overall productivity of the 
reactor. If, as mentioned above, the Fischer-Tropsch 
synthesis is performed in the diagonal channels 22 and 
22a the liquid and gas phases may be separated in the 
headers 26 that connect the channels. This effect may be 
15 enhanced by providing a de-misting packing within the 
compartments of the headers 2 6 nearer the outlet. The 
liquid product would then be drained out of the base of 
these compartments. Within each channel the gas flows 
are parallel to the corrugations, so liquid tends to be 
20 entrained, minimising the build-up of liquid on the 
surface of the catalyst. 

The dimensions of the diagonal channels 22, 22a may 
also be varied along the length of the reactor 20, as 
25 also may the shape of the catalyst -carrying foil assembly 
24 , For example the channels nearer the outlet end of 
the reactor may be narrower, so as to increase the linear 
velocity in the channel . 

3 0 The catalyst layers might contain material other 

than metal foil. In particular there may be benefits from 
the use of a sheet of sintered Fecralloy fibres, such as 
is available from Microf iltrex, for example. In this 
sheet the fibres are of diameter about 5-10 \xm, the 

35 structure being sufficiently open that the porosity is in 
the range 70-90%, and the sheet being of thickness about 
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0.5 mm. Such a sheet may be corrugated or pleated for use 
in a flow channel . 

Such a sheet may be oxidised as described above, and 
then immersed in an alumina sol. In such a sol, for 
example of gamma -alumina, the nano particles form 
agglomerates, and these may be less than 5 ixm in size, 
and will therefore permeate throughout the sheet, filling 
all the interstitial spaces. The slurry may be forced to 
flow through the sheet, to ensure it permeates the entire 
metal structure; the buildup of the alumina within the 
structure may be enhanced by initially laminating the 
metal fibre sheet with a fine paper filter medium before 
causing the slurry to flow through the sheet, the paper 
preventing the particles emerging from the fibrous metal 
sheet. The sheet of material is then dried, weighed, and 
calcined. This process may be repeated if necessary to 
achieve a desired weight of alumina. The catalyst (such 
as cobalt) would then be applied, so that it diffuses 
throughout the bulk of the material. The cobalt may also 
be combined with a promoter such as ruthenium, as 
described above. Hence a catalytically-active cobalt- 
bearing catalytic structure is provided, with a thickness 
of about 0.5 mm, with significant macro -porosity 
resulting from the interstitial spaces between the metal 
fibres. Those spaces may also contain particles of 
alumina, but nevertheless the structure allows high rates 
of fluid diffusion through it. 

Such a catalyst layer would be particularly suitable 
for the Fischer-Tropsch synthesis, as the high porosity 
enables carbon monoxide to diffuse substantially as 
readily as hydrogen; despite the thickness of the layer, 
there would therefore not be a selectivity for methane 
formation. The metal fibres ensure that the catalyst 
layer can conduct heat, so suppressing the formation of 
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hotspots. The metal fibres also ensure that the catalyst 
layer is mechanically strong. This catalyst structure may 
also allow a higher catalyst loading per unit volume than 
with the metal foils described above. 

Thus the present invention also provides for the use 
of such a porous catalyst layer in a chemical reactor for 
performing a chemical reaction, in particular for 
performing a Fischer-Tropsch synthesis. 
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Claims 

1. A catalytic reactor comprising a plurality of metal 
sheets arranged as a stack and bonded together, the 
5 sheets defining first flow channels between adjacent 
sheets, alternating with second flow channels between 
adjacent sheets, so as to ensure good thermal contact 
between fluids in the first and the second flow channels, 
the orientation of the second flow channels being 
0 different from that of the first flow channels, fluid- 
permeable catalyst layers being provided within at least 
the second flow channels, headers to supply respective 
fluids to the flow channels, each first header comprising 
a chamber attached to the outside of the stack and 
communicating with a plurality of first flow channels, 
and each second header comprising a chamber attached to 
the outside of the stack and communicating with a 
plurality of second flow channels, and such that after 
removal of a header the catalyst layers in the 
corresponding flow channels are removable . 

2, A catalytic reactor as claimed in claim 1 wherein 
the catalyst layers comprise fluid-permeable metal heat 
transfer layers with a catalyst coating. 

3 . A catalytic reactor as claimed in claim 2 wherein 
the catalyst coating is a ceramic coating comprising a 
catalyst . 

4, A catalytic reactor as claimed in claim 2 wherein 
the catalyst layer comprises at least one corrugated 
metal foil with a ceramic coating comprising a catalyst, 

5. A catalytic reactor as claimed in any one of the 
preceding claims wherein adjacent first and second flow 
channels are in oblique directions. 
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6, A catalytic reactor as claimed claim 5 wherein the 
second flow channels on opposite sides of a first flow 
channel have mirror image orientations, 

5 7. A catalytic reactor as claimed in any one of the 
preceding claims wherein each sheet in the stack is of 
hexagonal shape, each flow channel extending between an 
opposite pair of faces. 

10 8. A catalytic reactor as claimed in any one of claims 
1 to 6 wherein each sheet in the stack is rectangular, 
the first flow channels extending along the length of the 
sheets, and the second flow channels extend obliquely 
across respective sheets so the second fluid flow follows 

15 at least two oblique paths between opposed headers . 

9 . A method of performing steam reforming of a 
hydrocarbon, wherein a mixture of steam and the 
hydrocarbon are provided to second flow channels of a 

20 reactor as claimed in any one of the preceding claims, 
and a source of heat is provided to the first flow 
channels . 

10. A method as claimed in claim 9 wherein the source of 
25 heat is a combustible gas mixture, and fluid-permeable 

catalyst layers are provided within the first flow 
channels, incorporating a catalyst for combustion. 

11. A plant for processing methane to produce longer 
3 0 chain hydrocarbons, the plant comprising a first 

catalytic reactor for performing steam/methane reforming 
and a second catalytic reactor for performing Fisher- 
Tropsch synthesis, each catalytic reactor being a 
catalytic reactor as claimed in any one claims 1 to 8; 
35 means for transferring the products of the first 

catalytic reactor to the second catalytic reactor, the 
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transferring means incorporating at least one heat 
exchanger to remove heat from the said products and at 
least one compression means for increasing the pressure 
of the said products; and means to condense liquid 
5 components of the fluid mixture resulting from the 
Fisher-Tropsch synthesis. 
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